Regulated ectodomain shedding followed by intramembrane proteolysis has recently been recognized as important in cell signaling and for degradation of several type I transmembrane proteins. The receptor-tyrosine kinase Tie1 is known to undergo ectodomain cleavage generating a membrane-tethered endodomain. Here we show Tie1 is a substrate for regulated intramembrane proteolysis. After Tie1 ectodomain cleavage the newly formed 45-kDa endodomain undergoes additional proteolytic processing mediated by ␥-secretase to generate an amino-terminal-truncated 42-kDa fragment that is subsequently degraded by proteasomal activity. This sequential processing occurs constitutively and is stimulated by phorbol ester and vascular endothelial growth factor. To assess the biological significance of regulated Tie1 processing, we analyzed its effects on angiopoietin signaling. Activation of ectodomain cleavage causes loss of phosphorylated Tie1 holoreceptor and generation of phosphorylated receptor fragments in the presence of cartilage oligomeric protein angiopoietin 1. A key function of ␥-secretase is in preventing accumulation of these phosphorylated fragments. We also find that regulated Tie1 processing modulates ligand responsiveness of the Tie-1-associated receptor Tie2. Activation of Tie1 ectodomain cleavage increases cartilage oligomeric protein angiopoietin 1 activation of Tie2. This correlates with increased ability of Tie2 to bind ligand after shedding of the Tie1 extracellular domain. A similar enhancement of ligand activation of Tie2 is seen when Tie1 expression is suppressed by RNA interference. Together these data indicate that Tie1, via its extracellular domain, limits the ability of ligand to bind and activate Tie2. Furthermore the data suggest that regulated processing of Tie1 may be an important mechanism for controlling signaling by Tie2.
Ectodomain cleavage of Tie1 is stimulated by phorbol ester, vascular endothelial growth factor (VEGF), tumor necrosis factor-␣, and changes in shear stress (16, 18) .
Tie1 is expressed primarily in vascular endothelial cells where it is essential for blood vessel formation and maintenance (19) . Targeted disruption of the TIE1 gene in mice indicates the receptor has roles in the later stages of blood vessel development where it is required for vessel maturation and stability, and mice deficient in Tie1 die between midgestation and around the time of birth with severe hemorrhage and edema due to vessel wall defects (20 -22) . Expression of Tie1 persists in adult vasculature (23) , and it is up-regulated in situations of disturbed flow (24) . Despite its importance, the cellular functions and signaling pathways regulated by this receptor are poorly understood, principally because a ligand capable of binding and activating Tie1 has not yet been identified. However the receptor is known to interact physically with the closely related receptor-tyrosine kinase Tie2, and the two receptors exist in hetero-oligomeric complexes at the cell surface (18, 25, 26) . The Tie2 receptor appears to be more active than Tie1 and regulates several endothelial functions including promotion of endothelial survival, migration, and suppression of monolayer permeability (27) . Tie2 is stimulated by the ligand angiopoietin-1 (Ang1), one of a family of four ligands, Ang1-4, identified for Tie2 (28 -30) . These secreted glycoproteins have a coiled:coil region in their amino-terminal domain and a carboxyl-terminal fibrinogen-related domain (28 -30) . Binding to Tie2 occurs via the fibrinogen-related domain, and the coiled: coil motifs are required for homo-oligomerization of the ligands (31) . Stimulation of Tie2 by Ang1 results in tyrosine phosphorylation of the receptor and activation of downstream signaling intermediates including phosphatidylinositol 3-kinase and Akt (32, 33) . Recently, Ang1 has also been found to activate Tie1 (26) . The ligand appears unable to bind directly to the Tie1 extracellular domain (28) , and the principal route of activation may be via transphosphorylation by Ang1-activated Tie2, although Ang1 is also able to partially activate Tie1 in the absence of Tie2 by an unknown mechanism (26) .
Regulated ectodomain cleavage of Tie1 was originally described 10 years ago (14) ; however, its biological significance still remains unclear. In this study we investigate the possibility that Tie1 may be a new RIP substrate undergoing regulated sequential proteolysis. Furthermore, we seek to define the biological significance of regulated Tie1 processing.
EXPERIMENTAL PROCEDURES
Reagents-TAPI-2, lactacystin, and N-acetyl-Leu-Leu-Nle-CHO (ALLN) were purchased from Calbiochem. Sulfo-NHS-SS-biotin was from Pierce. The ␥-secretase inhibitors L-685,458 and L-405,484 were kind gifts from Merck Sharp and Dohme (The Neuroscience Research Centre), and L-685,458 was also purchased from Calbiochem. Affinity-purified polyclonal antibodies raised against the carboxyl terminus of Tie1 were obtained from Santa Cruz Biotechnology, Inc. Anti-Tie1 and Tie2 ectodomain antibodies were from R & D Systems. Anti-phospho-Tyr-1102/1108-Tie2 was from Merck, and antibodies against Akt and phospho-Ser-473-Akt were from Cell Signaling Technology. VEGF-A165 was purchased from PeproTech. Comp-Ang1, an Ang1 variant with improved stability, has been described previously (34) . All other reagents were as described previously (26) .
Cells-Human dermal microvascular endothelial cells (HMEC-1) have been described by Ades et al. (35) and were obtained from the Centers for Disease Control and Prevention (Atlanta, GA). HMEC-1 were maintained in MCDB 131 containing 100 g/ml streptomycin, 100 units/ml penicillin, 10% fetal calf serum, 2 mM L-glutamine, 10 ng/ml EGF, and 1 g/ml cortisol. Human umbilical vein endothelial cells (HUVEC) were isolated as previously described (25) and maintained in Medium 199 containing 100 g/ml streptomycin, 100 units/ml penicillin, 20% fetal calf serum, 5 units/ml heparin, and 50 g/ml endothelial cell growth supplement. Before experiments, cells were washed in PBS and incubated in serum-free medium for 30 min. Unless otherwise stated PMA was used at a final concentration of 10 ng/ml, VEGF at 100 ng/ml, L-658,458 at 20 nM, TAPI-2 at 100 M, lactacystin at 20 M, ALLN at 10 M, and COMP-Ang1 at 340 ng/ml.
Immunoblotting-Cells were washed in PBS and lysed with ice-cold lysis buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 1 mM sodium fluoride, 1 mM EGTA, 1 mM sodium orthovanadate, 1% TritonX-100, complete protease inhibitor mixture), cleared of particulate material by centrifugation at 13,000 ϫ g for 10 min, and assayed for protein content. In some experiments, indicated under "Results," the cell-impermeable cross-linker 3,3Ј-dithiobis(sulfosuccinimidylpropionate) was added to a final concentration of 0.5 mM in PBS for 30 min before quenching with 20 mM Tris in PBS, washing, and cell lysis. For analysis of whole cell proteins, lysates were mixed with Laemmli sample buffer containing 100 mM dithiothreitol and boiled for 5 min. In some cases whole cell lysates were prepared by direct addition of Laemmli sample buffer containing 100 mM dithiothreitol. Equal amounts of protein were resolved by SDS-PAGE. For immunoprecipitates, lysates containing equal amounts of protein were pre-cleared by incubation with protein-G-agarose for 30 min and centrifuged at 13,000 ϫ g for 5 min, and the supernatants were removed and immunoprecipitated by the addition of 2 g of the indicated antibody for 2-3 h in the presence of protein-G-agarose. Immunoprecipitates were recovered by centrifugation at 13,000 ϫ g for 5 min and washed 3 times with wash buffer (as lysis buffer but with 0.1% Triton X-100). Proteins were eluted by the addition of Laemmli sample buffer containing 100 mM dithiothreitol and boiled for 5 min before SDS/PAGE. Proteins were transferred to nitrocellulose membranes and probed with the antibodies indicated. Immunoreactive proteins were visualized with peroxidase-conjugated secondary antibodies and chemiluminescent detection (36) .
Release of Cell Surface Tie1 Ectodomain-Cells were washed in PBS and incubated for 30 min on ice with 250 ng/ml sulfo-NHS-SS-biotin in PBS to label cell surface proteins. Cells were then washed 3 times in ice-cold medium containing 0.1% bovine serum albumin, and the reaction was quenched in 10 mM HEPES, pH 7.4 150 mM NaCl, 0.7 mM CaCl 2 , 0.5 mM MgCl 2 , and rinsed in PBS before incubation at 37°C in serum-free medium. At the times indicated under "Results" medium was removed and centrifuged, and released biotinylated proteins were recovered by incubation with streptavidin-agarose, resolved by SDS/PAGE, and detected by immunoblotting. Total cell surface-biotinylated receptor was determined by lysing cells at time 0, recovering biotinylated protein, SDS/PAGE, and immunoblotting as above.
Receptor Internalization-To measure receptor internalization, cell surface proteins were biotinylated by washing cells in PBS and incubating for 30 min on ice with 250 ng/ml sulfo-NHS-SS-biotin in PBS. Cells were then washed 3 times in icecold medium containing 0.1% bovine serum albumin, and the reaction was quenched in 10 mM HEPES, pH 7.4 150 mM NaCl, 0.7 mM CaCl 2 , 0.5 mM MgCl 2 , and rinsed in PBS. Internalization was initiated by incubation at 37°C in serum-free medium. Internalization was terminated by placing cells on ice, and the remaining surface proteins were debiotinylated by incubating for three 20-min periods in 100 mM mercaptoethanesulfonic acid in 50 mM Tris, pH 8.6, 100 mM NaCl, 1 mM EDTA, 0.2% bovine serum albumin. Cells were then washed with Hepesbuffered saline and quenched in 100 mM iodoacetamide for 10 min before washing again in Hepes-buffered saline and cell lysis. Internalized biotinylated proteins were recovered with streptavidin-agarose before SDS/PAGE and immunoblotting.
Immunofluorescence-Receptors were examined at the cell surface by immunofluorescence. To aid in visualization, receptors were patched using a technique similar to that described by Constantinescu et al. (37) , except endogenous receptors were examined. Essentially, endothelial cells were grown on coverslips as previously described (38) . After treatment with control vehicle or PMA, as indicated under "Results," cells were placed on ice, medium was removed, and cells were washed in ice-cold PBS and incubated for 10 min in ice-cold blocking medium (Dulbecco's modified Eagle's medium containing 2% (w/v) bovine serum albumin and 2% donkey serum). Tie1 or Tie2 were labeled by the addition of antibodies recognizing receptor ectodomains in blocking medium and incubated for 40 min on ice before washing in Dulbecco's modified Eagle's medium and incubation with fluorescently labeled secondary antibody for 40 min. After washing cells were fixed in 4% (w/v) formalin and viewed under an Olympus BH2 microscope with epifluorescence. Images were captured by CCD camera (Digital Pixel) and IP Lab Software (Scanalytics).
siRNA Transfections-Annealed, purified, and desalted double-stranded siRNA oligonucleotides against Tie1 (AGGAGA-AGCAGACAGACGUGAUCUGGA), Tie2 (CGAACCAUGA-AGAUGCGUCAACAAGCU), and control randomized siRNA (AGUCCAUAAUGAGAAUCAACCGAUUAU) were obtained from MWG Biotech. In experiments with siRNA-transfected cells, endothelial cells at ϳ80% confluence were transfected with 100 nM siRNA using Lipofectamine as directed in the manufacturer's protocol 48 h before treatments and cell lysis. Transfection efficiency was greater than 90% as judged by rhodamine-conjugated double-stranded siRNA.
RESULTS
Tie1 has been reported to undergo regulated proteolytic cleavage of its extracellular domain to generate a cell-associated receptor fragment of ϳ45 kDa composed of the transmembrane and intracellular domains (14 -16) . In experiments aimed at determining whether any additional truncation products were generated in cells, we noted the presence of another Tie1 immunoreactive species of ϳ42 kDa on prolonged exposure of immunoblots in which proteins have been well resolved. An example of this is shown in Fig. 1A for HMEC-1 cells stimulated with PMA. The doublet of ϳ145 kDa, representing an upper band of fully glycosylated surface-expressed and a lower band of intracellular partially glycosylated full-length Tie1 destined for the cell surface as well as the 45-kDa truncation product has been described previously (14 -16) . Consistent with previous reports we find PMA to stimulate loss of the upper 145-kDa band and increased 45-kDa Tie1 (Fig. 1A) . In addition, a 42-kDa protein was observed in both control and stimulated cells, although the level was consistently higher in stimulated cells. Similar observations were made with HUVEC after activation with VEGF (Fig. 1B) . Again, VEGF stimulated loss of the upper 145-kDa Tie1 band, although not as extensively as PMA treatment, as well as increasing 45-kDa Tie1. It is noteworthy that scanning blots from a number of experiments revealed a slight decrease in the intracellular, lower 145-kDa Tie1 band in response to both PMA and VEGF (Fig. 1, A and B, lower panels). OCTOBER 19, 2007 • VOLUME 282 • NUMBER 42
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Presumably this reflects increased mobilization of this precursor form to the cell surface and subsequent cleavage. The 42-kDa protein was present at low levels compared with fulllength and 45-kDa Tie1. Under basal conditions the upper 145-, lower 145-, 45-, and 42-kDa forms of Tie1 accounted for 36.4 Ϯ 2.4, 36.6 Ϯ 1.9, 21.2 Ϯ 3.9, and 5.6 Ϯ 2 (mean and standard error) of total Tie1 respectively, determined by densitometric scanning of blots from 7 different experiments.
The finding of a 42-kDa form of Tie1 suggested that the 45-kDa Tie1 endodomain may undergo further proteolytic processing. Recent studies have revealed that for a number of proteins that undergo ectodomain shedding the resulting endodomain is subjected to additional proteolytic cleavage, giving rise to further truncation products (39 -45) . A potential candidate for this secondary cleavage event is the ␥-secretase complex. Inhibitors of ␥-secretase activity have been shown to suppress generation of truncated endodomain leading to accumulation of the membrane-bound substrate (45, 46) . Therefore, we investigated whether ␥-secretase plays a role in the proteolytic processing of the Tie1 endodomain by using L-685,458, a ␥-secretase inhibitor (47) . Endothelial cells were treated with different concentrations of the ␥-secretase inhibitor, and Tie1 endodomain was examined by immunoblotting. In unstimulated endothelial cells, the ␥-secretase inhibitor caused an accumulation of the 45-kDa endodomain in a concentration-dependent manner ( Fig. 2A) . Suppression of ectodomain shedding by treatment of endothelial cells with metalloprotease inhibitor TAPI-2 blocked the effect of ␥-secretase inhibitor on 45-kDa endodomain accumulation (Fig. 2B) . The ␥-secretase inhibitor also further increased 45-kDa endodomain levels and caused loss of the 42-kDa form of Tie1 in endothelial cells stimulated with VEGF (Fig. 2C) . This suppression of proteolysis of the 45-kDa Tie1 endodomain was not observed when cells were incubated in the presence of similar concentrations of L-405,484 (data not shown), a derivative of L-685,458, with 10 5 times less inhibitory potency (47) . Together these data show that Tie1 undergoes multiple processing steps involving initial ectodomain shedding followed by ␥-secretasemediated cleavage of the endodomain that is generated. This processing occurs constitutively at a basal rate and is stimulated by PMA and VEGF.
Although inhibition of ␥-secretase was found to result in accumulation of the 45-kDa Tie1 endodomain, the 42-kDa product of the cleavage was present at low levels, often barely detectable in unstimulated cells. This suggests the cleavage product may be readily degraded after formation. To test this, endothelial cells where treated with the proteasomal inhibitors ALLN or lactacystin. Both compounds produced an accumulation of the 42-kDa Tie1 intracellular domain (Fig. 2D) . ALLN appeared also to have some effects on 45-kDa Tie1 consistent with partial inhibition of ␥-secretase, and others have previously reported some inhibitory effects of this compound on ␥-secretase (48) . Inhibition of lysosomal function by incubation with NH4Cl did not result in accumulation of any detectable cleavage products (data not shown). The antibody used to detect 45-and 42-kDa Tie1 in these experiments recognizes the carboxyl terminus of the receptor. Therefore, the carboxyl-terminal regions of 45 and 42 kDa Tie1 are intact, signifying that 45-kDa Tie1 must be truncated at its amino terminus to generate the 42-kDa form. These data indicate that ␥-secretase-mediated processing of Tie1 endodomain produces an amino-terminal truncated 42-kDa form of Tie1 that is readily eliminated by proteasomal degradation.
It was important to determine the kinetics and extent to which Tie1 undergoes ectodomain cleavage in endothelial cells. To do this cell surface protein was biotinylated at 4°C, and after quenching of the biotinylation reaction, cells were brought to 37°C. Cleaved Tie1 ectodomain released into the medium was recovered at various times with streptavidinagarose, resolved by SDS/PAGE, and visualized by immunoblotting with anti-Tie1 ectodomain antibodies. Biotinylated Tie1 ectodomain of ϳ100 kDa was released from the endothelial surface in a time-dependent manner (Fig. 3A) . In a series of 3 independent experiments, we found 96 Ϯ 4% of initial cell surface Tie1 to have been released from cells within 10 min. Ectodomain release was not affected by Ang1 (data not shown); however, the initial rate of Tie1 ectodomain release was increased by PMA (Fig. 3A, lower panel) . In contrast to Tie1, we could detect no release of Tie2 ectodomain from cells under the conditions of this study either in unstimulated or PMA-activated cells, although biotinylated Tie2 could clearly be detected on the endothelial cells (Fig.  3A, middle panel) .
Another potential mechanism by which Tie1 could be lost from the cell surface is via receptor internalization. To examine this, further experiments were performed. Again, cell surface protein was biotinylated at 4°C, and after quenching of the biotinylation reaction, cells were brought to 37°C. At various times cells were returned to 4°C, and biotin was stripped from the cell surface before lysis and recovery of the remaining (internalized) biotinylated proteins with streptavidin-agarose beads followed by SDS/PAGE and detection of Tie1 by immunoblotting. As shown in Fig. 3B , internalized Tie1 was detected at low levels and was similar under basal and PMA-stimulated conditions. Tie2 internalization was also detected and again was similar in the absence and presence of PMA (Fig. 3B, middle panel) . Quantitation of Tie1 internalization in 3 independent experiments demonstrated low levels of internalization, with 8.5 Ϯ 1.1% of initial surface receptor being internalized within 10 min. Together with the results presented in Fig. 3A , these data indicate that the predominant mechanism for removal of Tie1 from the cell surface is ectodomain cleavage. Additional experiments performed in parallel showed Tie1 internalization was not influenced by Ang1 (Fig. 3C ). This contrasted to the situation with Tie2, where in 3 independent experiments we found 22.0 Ϯ 1.5% of initial cell surface Tie2 was internalized in 10 min under basal conditions, and this was increased to 47.9 Ϯ 9.6% in the presence of ligand.
Recently it has been found that Tie1 can be activated by the ligand Ang1 (26) . We, therefore, sought to determine the biological significance of regulated Tie1 processing for signaling by Ang1. Cells were stimulated with COMP-Ang1, and ectodomain cleavage was induced by the addition of PMA before cell lysis and immunoprecipitation of Tie1. COMP-Ang1 did not stimulate cleavage, but cleavage could still occur in the presence of Ang1 in response to PMA (Fig. 4A) . To examine the impact of Tie1 cleavage on receptor activation, we analyzed tyrosine phosphorylation status of immunoprecipitated receptor. COMP-Ang1 stimulated tyrosine phosphorylation of fulllength Tie1 with little effect on phosphorylation of truncation products (Fig. 4A) . However, when PMA was added to induce cleavage there was a loss of the phosphorylated full-length FIGURE 3. Kinetics of Tie1 cleavage and internalization. A, HUVEC cell surface proteins were biotinylated at 4°C as described under "Experimental Procedures" before incubation at 37°C in the absence or presence of PMA as indicated. At the times indicated the medium was removed, and biotinylated proteins were recovered from the medium on streptavidin-agarose and resolved by SDS/PAGE, and Tie1 or Tie2 were detected by immunoblotting. C, control vehicle. Cell lysates were also prepared at time 0, and biotinylated receptor was recovered and detected as above (TB). The amount of released Tie1 ectodomain was quantitated by scanning blots from three independent experiments and is presented in the graph as the mean and S.E. and is shown as the percentage of cell surface-biotinylated Tie1 at time 0 for cells treated with control vehicle (f) and PMA (OE). B, internalization of Tie1 was determined as described under "Experimental Procedures" in the absence and presence of PMA at the times indicated. Internalized Tie1 was quantitated by scanning blots from three independent experiments and is presented in the graph as the mean and S.E. and is shown as the percentage of cell surface-biotinylated Tie1 at time 0 for cells treated with control vehicle (f) and PMA (OE). C, internalization of Tie1 was determined as described under "Experimental Procedures" in the absence and presence of Ang1 at the times indicated. Internalized Tie1 was quantitated by scanning blots from three independent experiments, presented in the graph as the mean and S.E., and is shown as the percentage of cell surface-biotinylated Tie1 at time 0 for cells treated with control vehicle (f) and Ang1 (). The position of full-length Tie1 is indicated by an asterisk, and the released Tie1 ectodomain is indicated by a double-headed arrow. The relative mobilities of molecular mass markers are indicated in kDa. In panel B whole cell lysates were probed for Tie2 as indicated. The relative mobilities of molecular mass markers are shown in kDa. Note: blots in panel C were exposed to film for a shorter period than blots in panels A and B to observe differences in band intensities compared with the Inhib. track.
receptor and a concomitant appearance of tyrosine-phosphorylated truncation products, predominantly the 45-kDa cleavage product (Fig. 4A) . To test the role of Tie2 in phosphorylation of Tie1 cleavage products, we examined 45-and 42-kDa tyrosine phosphorylation in cells in which expression of Tie2 was suppressed by transfection with siRNA (Fig. 4B) . In the absence of Tie2, Tie1 truncation products exhibited markedly decreased tyrosine phosphorylation.
The finding that the cell-associated products of Tie1 ectodomain shedding were tyrosine-phosphorylated suggested that an important function of ␥-secretase processing may be to prevent accumulation of phosphorylated Tie1 fragments. This was investigated by examining tyrosine phosphorylation status of the truncated receptor immunoprecipitated from cells in which ␥-secretase was inhibited (Fig. 4C) . Under basal conditions 45-kDa Tie1 was present and had virtually undetectable levels of tyrosine phosphorylation. As before, activation of cells with COMP-Ang1 alone had little effect on phosphorylation of truncation products; however, phospho-Tie1 cleavage products, primarily 45-kDa Tie1, were evident when cells were stimulated with ligand in the presence of PMA to induce ectodomain cleavage. ␥-Secretase inhibition led to a dramatic increase in accumulation of tyrosine-phosphorylated 45-kDa Tie1 in Ang1 stimulated cells in which ectodomain cleavage was activated by PMA (Fig. 4C ). Together these data show that in the presence of Ang1, Tie1 cleavage results in the loss of full-length receptor and the corresponding formation of phosphorylated cell-associated truncation products, predominantly 45-kDa Tie1. Furthermore, they demonstrate that a key function of ␥-secretase is to limit accumulation of the truncated Tie1 phosphoproteins.
Because Tie1 interacts with Tie2 in endothelial cells (18, 25, 26) , we hypothesized that a further biological consequence of regulated Tie1 processing, specifically ectodomain release, would be to modulate Ang1 signaling through Tie2. To investigate this, endothelial cells were activated with COMP-Ang1, and Tie1 ectodomain cleavage was induced by the addition of PMA. Tie2 was immunoprecipitated, and its phosphorylation status was determined by immunoblotting (Fig. 5, A and B) . Tie1 ectodomain cleavage resulted in a marked increase in COMP-Ang1-induced Tie2 phosphorylation, and this was inhibited if Tie1 cleavage was prevented by inclusion of TAPI-2 (Fig. 5, A and B) . To discount the possibility that the effects on Tie2 activation are due to increased access of the immunoprecipitating antibody to Tie2, similar experiments were performed, except that Tie2 phosphorylation status was assessed directly without prior immunoprecipitation by anti-phosphoTie2 immunoblotting. Again, ectodomain cleavage resulted in increased COMP-Ang1-induced Tie2 phosphorylation (Fig.  5C ). These data show that a key biological effect of regulated Tie1 cleavage is to modulate ligand activation of Tie2. To test whether a physiological activator of Tie1 cleavage affects ligand activation of Tie2 similarly to PMA, we examined the effect of VEGF. Tie1 cleavage was activated by VEGF, although not as extensively as with PMA (Fig. 5D ). In the presence of VEGF, there was an increase in COMP-Ang1-induced Tie2 phosphorylation, and this was inhibited if Tie1 cleavage was blocked by inclusion of TAPI-2 (Fig. 5, D and E) .
We were interested in defining the mechanism by which Tie1 ectodomain cleavage enhances ligand activation of Tie2. As shown in Fig. 3 , activation of Tie1 cleavage results in increased release of the receptor ectodomain from the cell surface causing loss of full-length Tie1, for example as seen in Fig. 1 and confirmed in Fig. 6A by immunoblotting. To visualize cell surface Tie1, we also used immunofluorescence microscopy, which revealed both Tie1 and Tie2 ectodomains present on the surface of cells in control conditions but predominantly only Tie2 at the surface of PMA activated cells (Fig. 6B) . Based on these findings and the fact that Tie2 exists in hetero-oligomeric complex with Tie1 on the endothelial surface (18, 25, 26) , we postulated that the extracellular domain of Tie1 can act to restrict the ability of Tie2 to access ligand. We further hypothesized that the mechanism by which ectodomain cleavage enhances ligand activation of Tie2 is by relieving this restriction. To test this we examined the ability of COMP-Ang1 to interact with Tie2 in cells in which Tie1 ectodomain cleavage was stimulated. Endothelial cells were treated with PMA to activate ectodo- A, HMEC-1 were treated with control vehicle, COMP-Ang1 for 30 min, and COMP-Ang1 for 30 min in the presence of PMA with or without TAPI-2 as indicated before cell lysis. Tie1 was detected in whole cell lysates by immunoblotting. Tie2 was immunoprecipitated, and blots were probed with antiphosphotyrosine (pTie2) and Tie2. B, the effects of PMA-induced Tie1 cleavage were determined in three independent experiments, and phospho-Tie2 was quantitated by scanning of blots. C, endothelial cells were treated as indicated before preparation of cell lysates. Phospho-Tie2 (pTie2) and Tie2 were detected by immunoblotting of whole cell lysates. D, HUVEC were treated with control vehicle, COMP-Ang1 for 30 min, and COMP-Ang1 for 30 min in the presence of VEGF with or without TAPI-2 as indicated before cell lysis. Tie1 was detected in whole cell lysates by immunoblotting. Tie2 was immunoprecipitated, and blots were probed with anti-phosphotyrosine (pTie2) and Tie2. E, the effects of VEGF-induced Tie1 cleavage were determined in three independent experiments, and phospho-Tie2 was quantitated by scanning of blots. Data are presented as the means and S.E. pTie2 is normalized to the level of Tie2 and shown as the percentage of maximal receptor phosphorylation. The asterisk indicates a statistically significant effect of PMA or VEGF (p Ͻ 0.05, Student's t test). The relative mobilities of molecular mass markers are shown in kDa.
main cleavage or PMA but in the presence of TAPI-2 to prevent cleavage before challenging with COMP-Ang1 followed by retrieval of the ligand by immunoprecipitation. As shown in Fig. 6C , COMP-Ang1 bound more Tie2 from cells in which Tie1 ectodomain cleavage was activated than from cells treated similarly but in which ectodomain cleavage was prevented by TAPI-2. In three independent experiments this PMA-induced Tie1 cleavage led to a 53.6 Ϯ 5.0% (p Ͻ 0.05, Student's t test) increase in the amount of Tie2 binding to ligand. Together these data show activation of ectodomain cleavage causes release of Tie1 extracellular domain from the cell surface and increases the ability of ligand to access and bind Tie2. This model predicts that, like ectodomain cleavage, removal of fulllength Tie1 would also relieve restrictions on ligand accessing Tie2 and lead to enhancement of Tie2 activation. To test this we analyzed the effects of down-regulation of Tie1 by siRNA. Endothelial cells transfected with control siRNA or siRNA targeting Tie1 were activated with COMP-Ang1, and Tie2 phosphorylation status was determined. Cells transfected with Tie1 siRNA had virtually undetectable levels of Tie1 (Fig. 7A) . COMP-Ang1 stimulated Tie2 phosphorylation in both control siRNA and Tie1 siRNA-transfected cells; however, the effect was significantly increased in cells lacking Tie1 (Fig. 7, A and B) . Finally, to confirm that the enhancement of ligand activation of Tie2 seen on loss of Tie1 is transduced to downstream signaling, we examined the serine/threonine kinase Akt, a key mediator of angiopoietin-stimulated Tie2 action in endothelial cells (32, 33) . COMP-Ang1 activated serine 473 phosphorylation in Akt (Fig. 7C) . In the absence of Tie1 there was a dramatic amplification of the effects of the ligand on phospho-Akt levels (Fig.  7, C and D) . Together with Fig. 6 , these data show that Tie1 exerts an inhibitory effect on Tie2, acting to suppress ligand activation of the receptor. Loss of full-length Tie1 or even only Tie1 ectodomain is sufficient to relieve this inhibition thereby enhancing COMP-Ang1 activation of Tie2 and downstream signaling.
DISCUSSION
The present study extends the range of biological functions influenced by RIP and reveals a novel mechanism for regulating ligand responsiveness of the receptor-tyrosine kinase Tie2. Specifically, our results demonstrate that Tie1 undergoes reg- ulated metalloprotease-mediated ectodomain shedding to generate a 45-kDa receptor stub, which is then acted on by ␥-secretase to yield a 42-kDa truncation product destined for proteasomal degradation. A key biological effect of this regulated sequential Tie1 processing is to amplify ligand activation of the associated receptor Tie2. This occurs by a mechanism involving release of the Tie1 extracellular domain from the cell surface, resulting in increased binding of ligand to Tie2. Based on these data, we propose the extracellular domain of Tie1 restricts binding of ligand to Tie2, presumably by spatial hindrance of the ligand binding site on Tie2 in Tie2⅐Tie1 complexes and thereby inhibits ligand activation of Tie2. Activation of Tie1 ectodomain cleavage causes release of the extracellular domain of Tie1 permitting ligand to access Tie2. This leads to increased ligand binding by Tie2 enhancing angiopoietin-stimulated Tie2 activation and downstream signaling. The ␥-secretase step in this sequential processing serves an important role in removing cellular Tie1 cleavage fragments, so preventing accumulation of potentially deleterious activated phosphorylated Tie1 fragments.
Our experiments to examine the extent to which Tie1 undergoes ectodomain cleavage and internalization demonstrate the primary route for loss of receptor from the cell surface is via ectodomain cleavage, even when cells are unstimulated. Under basal conditions full-length Tie1 is still clearly seen in the endothelial cells, suggesting that synthesis of new receptor and supply to cell surface is sufficient to keep pace with loss through degradation. However, the loss of the surface-expressed fulllength Tie1 seen in PMA-or VEGF-activated cells indicates that in these circumstances mechanisms for replenishing this full-length receptor cannot keep pace with degradation.
The sequence of ectodomain cleavage followed by ␥-secretase-mediated secondary truncation that constitutes RIP (1, 2) has been reported for transmembrane signaling proteins including Notch and ErbB4 (44, 49) . Previous work has already established that Tie1 is cleaved by metalloprotease activity, and cleavage is stimulated by PMA, VEGF, tumor necrosis factor-␣, and changes in shear stress (15, 16, 18) . Cleavage results in the shedding of the ectodomain and the generation of a membranebound 45-kDa Tie1 fragment (15, 16) . The present findings that this fragment is then a substrate for ␥-secretase activity indicates Tie1 follows the pattern of regulated proteolysis characteristic of RIP. In the case of Tie1, one key function of the ␥-secretase step is to remove the 45-kDa receptor fragment generated after ectodomain shedding. This is particularly important for a receptor-tyrosine kinase-like Tie1 as the cleavage fragment contains the tyrosine kinase domain of the receptor. Furthermore, this fragment is tyrosine-phosphorylated in the presence of Ang1. Given the potential for tyrosine phosphoproteins to interact with SH2 and PTB domain-containing signaling proteins, it is likely that levels of this Tie1 phosphoprotein fragment must be tightly controlled to prevent it from disturbing normal signaling. As with other proteins undergoing RIP (46, 50) , the newly generated 42-kDa Tie1 product of ␥-secretase is targeted to the proteasome and is highly labile. Indeed, it is only readily detected when sufficient substrate is present as a result of stimulated ectodomain shedding, in the present study in response to PMA or VEGF action, or in the presence of a proteasomal inhibitor.
In addition to limiting accumulation of intracellular phosphorylated Tie1 fragments, ␥-secretase cleavage has the potential to afford an additional signaling mechanism for Tie1 by allowing the receptor intracellular domain to be released from the membrane to communicate directly with intracellular compartments. Such a mechanism would be analogous to RIP signaling described for ErbB4, for example, where the intracellular domain of this tyrosine kinase is also released from the cell membrane via sequential proteolysis involving ␥-secretase (44) .
Irrespective of any potential signaling role of Tie1 cleavage product, regulated Tie1 processing has an important impact on angiopoietin signaling. In particular, regulated Tie1 processing modulates responsiveness of Tie2 to COMP-Ang1. In attempting to define the mechanism for this we observed that fulllength Tie1 inhibits the ability of Ang1 to activate Tie2. Accordingly, suppression of Tie1 expression by siRNA enhanced ligand activation of Tie2, as did loss of Tie1 ectodomain. By immunoprecipitation of COMP-Ang1 after receptor binding, we found that Tie1 ectodomain cleavage resulted in an increase in the amount of Tie2 interacting with ligand. Together these data show Tie1 ectodomain as part of full-length Tie1 restricts binding of Tie2 to COMP-Ang1. Tie1 ectodomain shedding relieves this restriction, allowing more Tie2 to bind ligand and thereby increasing the level of activated Tie2. Thus, regulated proteolytic processing of Tie1 represents a novel mechanism for amplifying ligand responsiveness of Tie2. It is noteworthy that for many receptors ectodomain release leads to inhibition of signaling by intact receptors because the soluble extracellular domains sequester available ligand (51) . For example, shed ectodomain from the hepatocyte growth factor receptor, Met, can bind free ligand and prevent it activating intact receptors (52) . Similarly, the soluble ectodomain of VEGFR1, which is expressed as a splice variant of the holoreceptor, inhibits VEGF activation of intact VEGFR1 and VEGFR2 (53) . In contrast, this is not the case for Tie1, as the soluble extracellular domain of this receptor is unable to bind angiopoietin ligands (28) .
Previous studies have speculated that signaling by Tie2 could be modified by Tie1 (22, 54, 55) . Indeed, a detailed study of transgenic Tie1
Ϫ/Ϫ and Tie2 Ϫ/Ϫ mice indicates the two receptors have some inverse effects on remodeling in vascular development, with Tie2 promoting intussusceptive growth, and this being suppressed by Tie1 (22) . The present study provides the first direct demonstration that Tie1 can suppress Tie2 activation and reveals a mechanism for this inhibition.
It is interesting to note that negative modulation of Tie2 by Tie1 has some parallels with another ligand/receptor-tyrosine kinase system involved in regulating vascular growth and maintenance, the VEGF/VEGFR system. In vascular endothelial cells expressing VEGFR1 and VEGFR2, the former receptor can suppress VEGF signaling through VEGFR2, although in this case the limitation occurs primarily via the action of VEGFR1 to bind VEGF and thereby limit ligand availability to VEGFR2 (56) .
Clearly, signaling by Tie2 is tightly controlled. The receptor is unusual in having naturally occurring antagonists, notably Ang2, which depending on physiological context can suppress Ang1 signaling (29) . The current findings reveal another level of control on this receptor, allowing its signaling capacity to be further modulated by factors regulating Tie1 cleavage. Such factors are often associated with vascular activation and remodeling, and the data presented here suggest a mechanism by which angiopoietin signaling could be coordinated with that of other vascular ligands under these conditions. The inhibitory effects of Tie1 on Tie2 raise the additional possibility that Tie2 signaling may also be influenced by factors regulating expression of Tie1, although this would be expected to occur over a longer time period than regulated Tie1 cleavage.
